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suMMmY

An investigationhasbeenmadeofboundsry-lqyersuctionthrough
flushsurfaceslotsasa meansforincreasingtheextentof laminsr
flowontheNACA64AO1Oairfoilsection.Thes-foot-chordmodelwas
designedaccordingto ananalysispresentedhereintomaintainnearlyfull-
chordlaminarflowatReynoldsnumbersup to25x 106withtheuseof
41suctionslotson eachsurface.

Laminsrflowwasmaintainedoveratleast0.91chordononesurface
upto a Reynoldsnumberof10x 106. A likeefientoflaminarflowon
theothersurfacewouldhaveresultedina netdragsavingof about
-50percentovertheplainsmoothairfoilatReynoldsnumbersashigh
as10x 106. Thisresultwasobtainedonlyaftertheexpenditureofa
greatamountof effortinformingslot-entrycontoursthatwouldnot
causetransitionandinmaintainingthesurfacesofthemodelandthe
edgesoftheslotssufficientlysmooth.Extensivelsminsrflowwasgot
obtainedathigherReynoldsnumbersbecauseoftheincreasingsensitivity
oftheflowtominutesurface
slot-entrycontour.

Theadvantagesresulting

irregularities

mODUCTiON’

andslightinac&aciesof-

fromtheattaimnentofextensivelsminar
flowoveranaerodynamicsurfacearewell-known.Theextentoflamiimr
flowmaybe limitedbecauseofhighReynoldsnumber,surfaceimperfections,
stresmturbulence,adversepressuregeadientjor somecombinationof
thesefactors.
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Thepossibilityof increasingtheetientoflaminarflow(by
removalofairfromtheboundarylayer)hasreceivedappreciable
attention.Twomethods-forsuchremovalarecontinuouslydistributed
suctionthrougha poroussurfaceandsuctionthrougha numberof span-
wiseslots.Bothofthesemethodsserveto delaylsminsrseparationand
alsolimitthegrowthofthelaminarboundarylayersothattheadverse
effectofincreasingwingReynoldsnuniberontransitionis decreased.
Inaddition,according*O laminarstabilitytheory,continuoussuction
increasesthestabilityoftheboundarylayerto smalldisturbances.
Theresultsofan experimentalinvestigationof continuoussuctionare
reportedinreferences1 and2.

Severalinvestigationshavebeenmadeof suctionslotsasa means
ofincreasingthechordwiseextentofthelaminarboundarylayeron an
airfoilsurface.Theprimarypurposeof suchinvestigationswasto
determineiftheccoibinedwakeandsuctiondragofa slottedlaminar-
flowairfoilcouldbe appreciablyreducedincomparisonwiththedragof
a plainairfoil.Pfenninger,reference3,reportedthatfull-chord
laminarflowcouldbeobtainedatReynoldsnumbersup to2.2x 106on
a 10.5-percent-thickslightlycamberedairfoilmodelwhich,forthebest
testarrangement,had12 slotsontheuppersurfaceand10 slotsonthe
lowersurface.A largereductionintotsldragwasreportedforReynolds
numbersup to2.2x 106abovewhichthedragbeganto increase.Holstein, “
reference4,alsoreporteddragtestsofa slottedairfoilonwhich
totaldragsavingswereobtained.atReynoldsnumbersup to about3 x 106.
Theresultsofa slotinvestigation(reference5) indicatedthatslots

.

wereeffectiveinextendingthelaminarboundarylayerinanadverse
pressuregyadientfora O.X chorddistanceata Reynoldsnumberas
highas7.5X106. A flightinvestigation(reference6) demonstrated
thatsuctionthroughslotscouldincreasetheextentoflaminarflow
by about12percentofthechordat a Reynoldsnumberof26.5x 106.

Thepurposeofthepresentinvestigationwasto determinewhether
approximatelyfull-chordlaminsrflowcouldbemaintainedovera slotted
airfoilforReynoldsnumbersmuchhigherthanthoseofpreviousinvesti-
gations.Sincepreviouswind-tunnelinvestigationsmayhavebeenlimited
by streamturbulenceitwas-thoughtthatyitha windtunneloflow
turbulenceandwitha modelhavinga suction-slotarrangementdesigned
to operateathighReynoldsnumbers,increasesin theextentoflaminar
flowcouldbe obtainedatrelativelyhighReynoldsnumbers.

A 3-foot-chordNACA64AO1Oairfoilsectionwasselectedforinvesti-
gationin orderthatthe-resultsobtainedmightbe directlycomparable
tothosepresentedinreferences1 and2 fortheNACA64AO1Osection
withcontinuouslydistributedsuction.Themodelwasconstructedwith
41suctionslotsof approximately0.005inchwidthoneachsurface.
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Thisarrangement
reference5 with
Reynoldsnumbers

3

wasdesignedonthebasisofthemethodsderivedin
a viewtowardobtainingfull-chordlaminarflowat
UP tO 25x 106. Theslot-entrygeometrywasbasedon

theworkofreferences3 and7, andtheslotsizewasbasedonthework
ofreference5.

ThetestsweremadeintheLangleytwo-dimensional.low-turbulence
pressuretunnelwiththemodelat zeroangleof attack.Thedata
obtainedincludednotonlythewakedragandboundary-layerprofiles,
butalsothesuction-flowquantityandsuction-pressurelossforeach
slot. Theflowcoefficientbasedonthetotalquantityofflowremoved
fromallslotsvariedfromO to 0.0026.Theinvestigationwasmadefor
Reynoldsnumbersfrom3 x 106to10X“106.

SYMBOLS

distancealongairfoilchordx

Y

c

w

d

a

u

u

U.

N3

P

distanceperpendicularto airfoilsurface

airfoilchord

distancefromairfoilleadingedgemeasuredalongsurface

distancealongsurfacebetweenslots

slotwidth(seefig.8)

chordwiselengthof suctionregionmeasuredalongsurface

sectionangleof attack

localvelocityoutsideboundarylayer

localvelocityinsideboundarylayer

free-stresmvelocity

totalpressurelossof suctionair

massdensity

localdynsmicpressure
()
; PV2
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AQ
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ACQ

CQ

Cp

Acd8
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cdw
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free-stresmdynamicpressure
()
; PV02

pressurecoefficient(q/~)

suctionflowquantityperunitspanthroughsingleslot

flowgyanti~perunitspaninbqundarylayeroutto ~ . ().997”

at a stationjustforwsrdof a slot

fractionofflowremovedfromboundarylayerata particular
slot

single-slotflowcoefficient(AQ/UoC)

totalflowcoefficientforallslotsinuse
(~ )

ACQ

suction-pressure-losscoefficient(AE/~)

dragcoefficientequivalentof single-slotsuctionpower
(dCQCp)

drag

in

coefficientequivalentof suctionpowerforallslots
/— \

airfoilsuction-dragcoefficientbasedon slotspacing

(2Acds~)

airfoilwake-dragcoefficient
.

airfoiltotaldragcoefficient(cdw+ cds)

boundsry-layerthicknessdefinedasdistanceperpendicular

to surfaceatwhich ~ . 0.707

boundary-layerdisplacementthickness
(.mt +)+

.

— .—
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e boundary-layermomentumthickness(’m:! -$+

v kinematicviscosity

R free-streamReynoldsnumberbasedonwingchord(Uoc/V)

Rb boundsry-layerReynoldsnumber(Ub/V)

R5* boundary-layerReynoldsnumber(U5*/V)

M bountiy-layerReynoldsnumber(lJ@/V)

K slottotalpressure-losscorrelationcoefficient

Subscripts:

1, 2, 3 referto stationsemployedin slotanalysis(seefig.3)

SLOT-ARRANGEMENTANALYSIS

Maximumboundary-layerReynoldsnumber.-Theinvestigation
inreference5 suggestedthepossibilitythata slottedairfoil

presented
might

be designedtoma~;tainexte~ivelamin&flowup to somedesired~ng
Reynoldsnumberiftheboundsry-layerReynoldsnumberwaspreventedby
suctionfromexceedinga limitingvalue.Thechoiceofa limitingvalue
ofboundary-layerReynoldsnumberdependsupona numberof conflicting
requirements.

Fromanaerodynamicpointofview,itis desirabletomaintaina
highvalueofboundary-layerReynoldsnumberinordertominimizeskin
friction,reducethesuctionquantity,andincreasetheboundary-layer
stabilityto surfaceprojectionsandroughness(reference8). Fromthe
practicalviewpointof constructionsimplicity,itisalsodesirable
tohavea thickboundarylayerinorderthattheslotwidthsandspacings
canbe aslargeaspossible,as isdiscussedsubsequently.

On theotherhand,theboundarylayermustnotbe toothickor else
itwillbe susceptibletotransitionby amplificationof smalldisturbances
suchas aredealtwithinthelaminarstabilitytheory.An upperlimit
fora maximumpermissibleboundary-layerReynoldsnuuiberis suggested
by reference9,whichshowsthat,forno slotsanda smoothsurface,
laminarflowcanbe obtainedforvaluesof R~* up toabout6000.In
thebeliefthatthepresenceof slotsandpossiblesurfaceirregularities

———————— --—--— ————-— —– —. —.—.—. . _
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mightcausetransitionforsuchhighvaluesoftheReynoldsnumber,a
~ler v~ue, 2635,wasarbitrarilychosenforthepresentanalysis.

Slotsrrangement.-Thelocationofthefirstslotis simplydeter-
minedby thecriterionof R& = 2635 anda knowledgeofhowthelaminar
boundarylayerwilldevelopalongtheforwardpartof a givensurface.
Intheabsenceoflaminsrseparation,theboundsry-layergrowthmaybe
determinedwitha fatidegreeofaccuracyby thefollowingequation:

‘R&)2=3%*Y”’8JS’C‘s)4”08‘(s’c) (1)

whichisa slightlytifferentformoftheequationofreference10.
FortheNACA64AO1Oairfoil,thepressuredistributionandprofileof
whichareshowninfigure1,thecalculatedsuctionregionandthe
positionofthefirstslotwasfoundtovarywithReynoldsnumberas
showninfigure2.

Withregardtothespacingofthesubsequentslots,anobvious
upperlimittothespacingisthedistancerequiredfortheboundary-
layerReynoldsnumberto growfromzerotothemsximumallowablevalue;
sucha conditioncouldexistifalltheboundarylayerwereremovedat
eachslot.Toolsrgea slotspacing,however,req~resexcessive
suctionpowerasis shownsubsequently.Toosmalla slotspacing,on
theotherhand,isimpractical,sothatthechoiceof slotspacingmust
be somecompromisebetweensuctiondragandconstructioncomplexity.

.

.

Thedeterminationofthesuctiondragresolvesintothedetermination
ofthequantityof suctionflowrequiredto overcometheboundsry-layer
growthbetweenslotsandthepressurelossassociatedwiththeflow
removed.Iftheboundarylayerisassumedtqhavea Blasiusprofile,
thentherequiredreductioninboundary-layerthicknessateachslot
intermsoftheboundary-layerReynoldsnumbermaybe predictedby an
applicationofthefollowingrearrangementof equation(l):

Withtheassumptionthat

R~+l= ~+3 (seestations1,2, and3 offig.3)

,

.

—— ——— —.
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(s/c)3 (.9/c)33$ (s)4“08d(s/c)-
J

(s)
1

4“08d(s/c)

0
X22= o (s/c)2
R&

*&y”% J(S’C)3@)4”:d(s/c)

Fora givenpressuredistributionS, free-streamReynoldsnumberR,
airfoilchord c,andtheassumptionof a maximumallowablevalueof
theboundary-layerReynoldsnuniberR~* atpositionsjustaheadof
twoslots,distanceZ apart,therequiredreductionin Rb* atthe

7

(2)

firstofthetwoslotsmaybe
of 1.

Thesu@ionflowandthe
assumeddistances2 between
theequationsofreference5:

deducedby equation(2)asa function

suctiontotalpressurelossfordifferent
slotsweredeterminedfor90°slotsby

( )‘~=RA.l_l.6A& for ‘&< O.275
%q %1

and

– .1 +‘&(2.26K-AE
q

()

1.335++12AQ -
whereK varieswith — foraw Qb2
figure3 (fromreference5).

Theincrementof suctiondragforeach

&ds = ~Qcp

1.26)

90°slotas shownin

slotis

(3)

(4)

..-._ . .-—— —. —.. ————.— ————— — ----- ——. ..
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andfora Blasiusprofilebecomes

(5)

Thesuctiondragwascalculatedaccordingtotheforegoingequations
forseveralchoicesofslotspacingZ andforseveralrepresentative
valuesoflocaldynamicpressureanddynamic-pressuregradientonthe
NACA64AO1OairfoilatzeroangleofattackandatReynoldsnumbers
of25x 106and10x 106. Theslotwidthw wastakenequalto1.335*,
whichisapproximatelyaswideas canbe usedwithoutinducingtransition
(reference5.) Thetheoreticalplain-airfoilpressuredistribution
(fig.1)wasused.Actually,as shownby Pfenninger,reference3,the
suctiontendstoproducea somewhatmorefavorablepressuregradient
inregionsjustforwardandresz’wardoftheslot.Forthisanalysis,
sucha suctionsinkeffectonthepresstiedistributionwasneglected.

Thecalculatedvariation’ofthesingle-slotsuction-dragcoefficient
withslotspacingis showninfigure4 forthreerepresentativechord-
wisepositionsontheairfoilata Reynoldsnuderof25x 106andfor
onechordwisepositionata Reynoldsnumberof10X 106. Figure4 shows
that,evenforsomewhatwidelyvariedflowconditions,thedragvaries 4
slmostlinearlyforlowvaluesof slotspacingz/c. Extremeforward

~ = 0.088 and ~ –andrearwardslotpositions, x – O.go,havesimilsr .
c

dragvariationswithspacingbecauseofthecompensatingeffectsof
pressurecoefficientsandgradientsofpressurecoefficients.Suction-
dragcalculationsata Reynoldsnumberof25x 106forotherpositions
ontheairfoilindicatedthatallvariationsof suctiondragwith Z/c
liebetweenthecurvesshowninfigure4.

Valuesofapproximatetotalairfoilsuctiondrag,shownin fig-
ure5,wereobtainedby ass-g thatallslotscontributethes=
incrementof suctiondrag(fig.4)andmultiplyingtheindividual
slotdragby thenumberof slotscorrespondingto a given 2/c. Such
variationsof

d/c
Cdl = +c& ) — =

Z/c

permitapproximatepredictionsofthetotalsuctiondragtobe expected
fora chosenslotspacing.Comparisonofthedragcurvesforthetwo
differentReynoldsnumbersdemonstratesthedesirabilityfordecreasing
theslotspacingastheReynoldsnumberisincreased.Figure5 also
indicatesthatthesuctiondragdecreasescontinuouslywithdecreasing
slotspacing.Thevariationbecomes-, however,fora slotsPacing

--—. .—— --—



2L

,

.
,’

NACATN 2644

lessthan0.02c
withdecreasing
waschosen..

Beforethe

9

andinviewoftheincreasingdifficultiesof construction
slotspacing,a slotspacingof 3/4inchor0.0208c

slotspacingwasfinallydecidedupon,thepossibility
oflsminarseparationoccurringbetweentheslotsintheadversepressure
gradienthadtobe considered.By themethodofreference11,itwas
determinedthatbecausethemaximumboundary-layerReynoldsnumberis
heldconstantby suction,the.tendencytowardseparationbecomesless
markedasthewingReynoldsnuniberis increased.At thedesignReynolds
numberof2’5x 106theslotspacingof ~ = 0.0208waswellwithinthe
limitsrequiredtopreventlsminsrseparation.AS showninfigure2,
91percentofthesurfacemustbe controlledbysuctionata Reynolds

6numberof27x 10 (noslotsoverthefirst
I
percentofthemodel),

whichmeansthat,withan Z/c of0.0208,4 slotswouldbe required
persurface.Onlythef~st 41,however,wereconstructedin themodel
becauseoftheextremedifficultyoflocatingsuctionductinginthe
thintrailing-edgesection.Thecriterionof w = 1.33&l whenapplied

to theNACA64AO1Oairfoilata Reynoldsnumber-of27x 106resultedin
valuesof theslotwidththatlayintherangeof0.0045to0.0052inch.
Forconstructionconvenience,0.005inchwaschosenastheslotwidth
tobe incorporatedinthe3-foot-chordmodel.

Calculatedsuction-draacoefficients.-Fortheconditionsof slot
1widthw = 0.005inch,slotspacing~ = 0.0208,a msximumvslueof R&+

of2635ateachslot,and41slotson eachsurface,suction-flow
coefficientsas showninfigure6 werecalculatedforeachslotforthe
NACA64AO1Oairfoilatzeroangleofattackanda Reynoldsnumberof
25x 106. Thesummationofthecalculatedflowcoefficientsforthe
individualslotsresultedina totalflowcoefficientof0.00082for
onesurfaceoftheatifoilor0.001_64forbothsurfaces.Thetotal
suction-dragcoefficientforbothsurfaceswascalculatedtobe about
0.0021.

Calculationswerealso
suction-dragperformanceof
fora Reynoldsnumberof25
suctions,andsuctiondrags
of6.25x 106, and10x 106,

madeto determinethelowReynoldsnumber
theslotarrangementwhichhadbeendesigned
x 106. Thesuctiondistributions,totsl
srepresentedinfigure6 forReynoldsnumbers
and25x 106. Itwasassumed,atthelower

Reynoldsnumbers,thattheforwardslotswouldbe filledsothatsuction
wouldonlybe appliedintheregionindicatedinfigure2. Theuseof
0.005-inchslotsatReynoldsnumbersof10x 106and6.25x 106with
themaximumboundary-layerReynoldsnumberstillheldto2635meantthat
w/6*1wouldbe decreasedto about0.55and0.33,respectively,witha
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.

correspondingincreaspin slotvelocityandtotalpressurelossinthe
suctionair. Thepresentdesignis,consequently,notwelladaptedto
lowerReynoldsnumibers.Nevertheless,theeliminationof anappreciable .
nuniberofforwardslotsatlowReynoldsnumbersisof sufficientconse-
quencetopermittheattainmentof suctiondragsbelowthatcalculated
fora Reynoldsnuniberof25x 106.

MODELANDAPPARATUSDESCRIPTION

Theprofilechosenfortheseslottedairfoiltestswasthe
NACA64AO1Oairfoil.Thephotographpresentedasfigure7(a)showsthe
two-dimensional,3-foot-chord,3-foot-spanmodelintheconditionin
whichitwastested.Thecoordinatesoftheairfoilaregiveninrefer-
ence12 andthetheoreticalpressure-coefficientdistributionofthe
airfoilwithoutsuctionandatzeroangleofattackispresentedin
figure1. In accordancewiththeresultsofthemodel-designanalysis
the82spanwisesuctionslots,41oneachsurface,hada chordspacing
of 3/4inchanda slotwidthof approximately0.005inch.Theslotswere
locatedbetween0.088chordand0.92chordandextendedover21*inches

ofthemodelspan(fig.7(b)).Foralltests,inorderto allowfora
normalspanwisespreadoftheturbulentboundarylayerandto avoid
suctionina turbulentarea,bothendsof eachslotwerepluggedand
glazedin ansreaoutsideoflinesextendedfromthespanendsofthe

10 inwardfromthestreamdirectionas showfirstslotandinclined73

infigure7(b).Thespandistanceoneachsideoftheslottedput was
completedwithd- endsmadeto airfoilprofileandusedto house
pressureandsuction-flowtubingas showninfigures7(c)and7(d),
respectively.

Thefirst32 slots,whichextendedfrom0.088to 0.733chord,were
~ inch-thickformedby attaching,to aninner-basecasting,a seriesof--

aluminumslabswhichweremachinedseparatelyto formthe: -inchslot

spacingandspacedonasseniblyto formthe0.005-inchslot-gapwidth.
Theremainingslotswereformedofbrasstopermitsolderingofthe
suction-air-collectorchambersintheveryclose-quarteredtrailing-edge
section.Thedetailedslotconstructionis showninfigure8. Measme-
mentsofthecompletedslotsshowedthatno slotwidthvariedbymore
than0.0005inchfromthedesignvalueof0.005inch.Thespanwise
variationofeachslotwidthwasevenless.Theslotpassageswere
constructedwitha shortsectionhavingstraightpsrallelsideswhich
ledintoa straight-sidedsectionexpandedon a 5°angleto forma
diffuserthatwasabout0.2inchinlength.(Seefig.8.) Theslots

.—. — ———
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wereinclinedupstreamandformeda 60°anglewiththe
accordancewiththebestresultsofreference3. Each
a rectangular-shapedcollectionchamberwhichextended

u

modelsurfacein
slotopenedinto
thelen@h of

theslot.Thecollectionchsmbersweremadelargein crossse&ionto
insurelowvelocitiesinan effortto avoidspanwisevariationsof static
pressurewhichwouldcausespanwisevariationsinthesuctionflow.

At theouts& oftheinvestigationtheforwardand.rearwardedges
oftheslotentrancesweresharp-edgedas shownby solidlinesin
figure8. Duringthecourseofthefirstgroupoftests,effortswere
madeto enlargeprogressivelytheslot-inletradiiwithoutexceeding
theradiishownbythedashedlinesinfigure8,thatis,0.010-and
0.0025-inchradiifortheforwqrdandrearwsrdedges,respectively.
Theseradiiwerechosenaccordingtotheresultsofreference7.
Representativeslot-entrycontours,&picalofthosethatgavethebest
results,areshownby thephotomicrographsoffigure9. Theindicated
contourswereobtainedfromsolderimpressionsoftheslot.Becauseof
thismethodofobtainingthephotomicrographs,theslotwidthanda@e
andminutescratchesandridgesmaynothavebeenwellreproduced,but
thegeneralshapeoftheinletcontouris satisfactorilyindicated.

Inpreparationfora secondgroupoftests,thewholeatifoilwas
sandeddownononesidesothatalloftheslotradiiwereeliminated.
Theforwardratiiofthefirst32 slotsofonesurfacewerecold-formed
veryaccuratelyto0.01inchwitha contouredrollerandtherearward
radiiofthesame32slotsweresandedto approximately0.002inchwith
No.600emerycloth.Slots33to 41wereleftwithsharpedgesbecause
thetrailing-edgeslotscouldnotbe disassembled.

As a resultofthesandingoperation,thecontouroftheairfoil
wasthinnedby about0.05percentofthechordwhichrepresentsa
negligibledecreaseintheoriginal10percentthickness.

ThemodelwastestedintheLangleytwo-dimensionallow-turbulence
pressuretunneldescribedinreference13. Thetestarra~ementof
suctiontubes,floworifices,andpressuremeasuringtubesis sketched
infigure10 (slsoseefigs.7(c)and7(d)).Eachsuctiontubewas
providedwitha calibratedorificeequippedwitha static-pressuretube
to indicatethequantityof suctionflowthrougheachslot.Thepressure
measuringtubesusedtomeasurethelossintotalpressureinthe
suctionairextendedto thespancenterlineoftheslotcollector
chambers.Sincevelocitiesinthecollectorchanibersweresmall,the
staticpressurewasassumedtobe equslto totalpressure.Ductinglosses
beyondtheslotcollectorswerenotmeasured.

Theexternaldragofthemodelwasmeasuredwiththetunnelwake--
surveyrakeandtheboundary-layermeasurementsweremadewitha conven-
tionalmultitubepressurerake(reference14).
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Slot41ontheuppersurfacewascompletelyclosedoffto suction
becauseofan inaccessiblepinched-offsuctionductwhich,remained
closedthroughoutalltests.

KEETIIiTSANDDISCUSSION

Extentoflaminsrflow.-Withtheoriginalsharp-edgedsuction
slots,as showninfigure8,extensivelaminarflowcouldnotbemaintained
atReynoldsnumbershigherthanabout4 x 106. Boundary-layersurveys
indicatedthattransitionmoyedforwardtothefirstslotata Reynolds

6numberof about6 x 10 ; whreasforthesmooth~rfoil~th no slots)
a muchlsrgerextentoflaminarflowwouldbe expected.Oncethe
entranceswereroundedonthefirstslot,transitionmovedto thesecond
slot. Itwasconcluded,therefore,thattheslotsthemselveswerecausing
transitiondueto thesharpedges.Thisresultsuggestedthata smoothing
androundingoftheslotentrancesmightpermittheattainmentoflaminsr
flowoveratleast0.90chord(positionofthelastslot)atReynolds
numbershigherthan4 X 106. Aftera very&srefulsmoothingaqdrounding
ofalltheslotentranceswitha handhone,laminarflowwasobtained
on91percentoftheuppersurface(asmountedinthetunnel)ata

6 (Seefig.Xl.) ThisvaluewasthehighestReynoldsnumberof10x 10 .
Reynoldsnumberatwhichextensivel&inarflowwasobtained.The
transitionpointjumpedsuddenlyfroma positionjustrearwar

.
d ofthe

lastslotto a positionintheregionoftheforwardslotsastheReynolds
6numberwasincreasedabove10x 10 . Becauseofthepracticaldifficulty

ofmodifyingtheslotsinthelowersurfaceto conformcloselyto the
upper-surfaceslots,extensivelsminarflowonthelowersurfacewasnot
obtainedatReynoldsnumbersabove5.5x 106. Thetransitionpointon
thelowersurfacemovedforwardprogressivelywithfurtherincreasesin
theReynoldsnumber.

Withthehopeof increasingthemaximumReynoldsnuniberatwhich
laminarflowcouldbe obtainedup to0.91chord,theslotentranceswere
verycarefullytool-formedinaneffortto improvefurtheruponthe
smoothnessoftheslotinlets.Contraryto expectations,however,the
maximumReynoldsnumberatwhichlaminarflowcouldbe obtainedoverthe
tool-formedslotswasonly8.8X 106as compsredto 10x 106forthe
hand-honedslots.

Althoughlaminarflowwasobtainedover0.91chordata Reynolds
nuriberof10x 106,itis stressedthatthisresultwasobtainedonly
titertheexpenditureofappreciableeffortin smoothingandmodifying
theslotsandinkee>ingthesurfaceofthemodelitselfina smooth
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condition.Theresultsjustdiscussedconstituteessentiallythemain
resultsofthetests.Inthefollowingdiscussion,therewillbe
describedthevariousobservationswithregardto slotshape,suction
flow,a~.ddrag.

Slotmodifications.-A detailedinvestigationto determinethemost
de6irableslotshapewasnotattemptedbecauseoftheextremelysmall
sizeoftheslots.A discussionof someofthedifficultiesencountered
withtheslotsandoftheslotmodifications,however,maybe of some
interest.

In formingtheslot-entranceradiiby thehand-honingprocess,
extensiveboundary-layersurveysweremadewiththepressureraketo
locatetransitionregions,andtherebydeterminewheretheslotentrance
requiredsomefurtherchangein shape,andto determinethesmountof
suctionnecessarytopreventtransition.Thisnecessarilytedious
procedurewasfollowedin a forwardtorearwardorderforallslotson
bothsurfacesandmostoftheboundary-layersurveysweremadeat a span
station~-inchfrommidspanas showninfigure7(b). Oncefull-chord

2
laminarfluwwasestablishedat somelowReynoldsnumber,itwassomewhat
lessdifficultto determinetheslotsthatpreventedfull-chordlaminar
flowathigherReynoldsnumbers.Thoseslotsthatcausedtransitionat
thehigherReynoldsnumberswouldcausetransitionat slightlylower
Reynoldsnumberswhenthesuction-flowratewasalteredslightly.
Identificationofthe.troublesomeslotsinvolvedadvancingtheReynolds
numberto justbelowthevalueatwhichthewake-surveyrakeindicated
a largeincreaseindragandthengaduallyopening,closing,andreturning
eachslot-flowcontrolvalveto itsoriginallowReynoldsnuuibersetting
duringwhichprocedurethemalfunctioningslotswereclearlyindicated
by an appreciableincreaseinthewakesize.Somere-formingandSmoothing
wasthendoneoneachcriticalslotin orderto increasethevd”ueofthe
criticalReynoldsnumber.

Forthesecondgroupoftests,thefirst32upper-surfaceslotshad
beenaccuratelyformedbeforethemodelwasmountedinthetunneland
noattemptwasmadeto altertheentryshapesduringthetests.

In general,theslotsinthefavorablepressuregradientoverthe ?>
forwardpartoftheairfoilrequiredmorecarewithregardto formation
ofcontouranddegreeof smoothness;whereastheslotsintheadverse
pressuregradientperformedefficientlywithverylittle-morethanbeveled
edges.A similsreffectwasnotedinreference7. Thephotographsof
slots2 and3 infigure9 maybe takenasfairlyrepresentativeofthe
forward18 slotsontheuppersurfaceofthemodel(asmountedinthe
tunnel). Forthesecases,theslotforwardedgeshadradiiofabout
0.004inchandtherearwardedgeshadradiiofabout0.002inch.The
forwardedgesofthelower-surfaceslotshadradiiof about0.008inch
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andtheresrwardedgeshad
showninfigure9, slot12

NACATN 2644

radiivaryingfrom0.004to0.006inch.As
ontheuppersurface(alsoslot5, notshown)

hadunintentiotiyenlargedinletradiiwhichfortunatelydidnot
preventlsminerflowatthehigherReynoldsnumbersasmighthavebeen
expectedfromtheexperiencewiththepoorerperfominglower-surface
slotswheretheinletsgenerallyhadlargeradii.

Althoughsurfaceroughnesswasnotmeasured,anindicationofthe
sizeofroughnesswhichproducedearlytransitionwasgivenby the
observationthattheabilityoftheslottomaintainlsminarflowwas
limitedbysmallridgesleftontheslotentrancesby thehand-honing
processandbytheevensmallerridgesleftby thetool-formingprocess.
Suchridgeswerehsrdlydiscernibletotheunaidedeyeandcouldbe
effectivelyreducedby honingwitha soft-leadpencilsuchthatthe
appearanceoftheinletwaschangedfrommattoburnishedfinish.This
processenabledthemaximumReynoldsnumberforfull-chordlsminarflow
tobe advancedfrom8.5x 106to10x 106onthehand-honedslotsand
from8.3x 106to 8.8x 106onthetool-fomnedslots.A furtherindication
ofthedegreeofsensitivi~oftheflowto foreignpsrticlesonthe
surfacewasobtainedwhenitwasfoundthatabovea Reynoldsnumberof
about~ x 106a smallpieceoflintfroma modelcleaningclothwould
causetransitionwhenleftprotrudingfroma slotentrance.

Asidefromthesensitivityoftheflowto slot-inletradiithere
wasanindicationthatthecontourimmediatelyupstreamanddownstream
ofeachslothadsomemarkede~fectontheslotperformance.Theslab
formingtheresrwsrdedgeof slotI-2forthetool-formed-radiicondition
hadunintentionallybeentiltedsuchasto insettherearedgeofthe
slotan estimated0.001inchbelowtheforwardedge.Forthisslotit
wasobservedthattheflowwasconsiderablylesssensitivethrougha
widerrangeof suctionquantitiesthancouldbe toleratedontheother
slotswherehighsuctionratesseemedto increasethedestabilizingeffect
of slot-inletroughnessandpoorcontour.A similareffectwasnoted
inreference3.

Suctiondistribution.-Thecalculatedsuctiondistributions(fig.6)
indicatethatno slotsme requiredaheadof slot9 fora Reynolds./’/
numberof10x 106. Theforwardeightslotswerenotsealedforanyof
thetestsbecauseofthedifficultyofunsealingandcleaningsuchsmall
slots. Itwasthought,however,thattheboundarylayerovertheforward
eightslotswouldhavelesstendencytobecometurbulentifa smallamount
ofairwerewithdrawnateachslotinsteadofprovidingno suctionand
leavingtheslotopen.Forthisreason,mostofthetestsweremade
withatleasta smallamountof suctiononalltheslotsandno attempt
wasmadeto testthemodelwiththesuctiondistributionexactlyas
calculated.

.

-——
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Theamountof suctionineachslotwasvaried
inorderto determinethedistributionwhichwould

througha wide
giveextensive

15

range

laminarflowatthehighestpossibleReynoldsnumber.Thedistribution
ofminimumsuctionflowforwhichextensivelaminsrflowcouldbe obtained
withthehand-honedslotsata Reynoldsnumberof10x 106is shownin
figure11. In comparisonwiththecalculatedresultsoffigure6,much
lesstotalsuctionflowwasrequiredtomaintainlsminarflowoverthe
firstsitieenslotsinthefavorablegradientthanwasindicatedby the
calculationsdespitetheconditioninthecalculatedresultsthatthe
forwardeightslotsweresealedanddespitetheexcessiveflowrequired
throughslots5 and12intheexperimentalcase.Comparisonofthe
calculatedresultsof figure6 andthedataoffiguren(a) indicates
thattowardtheendoftheregionofadversepressuregradient,relatively
moretotalflowremovalwasreqtiedthanthecalculationsindicated.
Theminimumtotalqyantityof suctionflowfhrthewholeuppersurface

~ = 0.00054,
2

asdeterminedfromthetests,however,wasofthesame
CQ

orderasthecalculatedminimumtotalquantity~ = O.000~.

Thereasonsforthediscrepanciesbetweenthecalculatedand
e~erimentallydeterminedminimum-suction-flowdistributionsarenot
entirelyclear.Perhapslaminsrflowcanbemaintainedacrosssuction
slotsina regionoffavorablepressuregradientforvaluesof R&
greaterthan2635orperhapstheassumptionsofBlasiusprofileand
boundary-layerreductionacrosstheslot,equation(3),madein calculating
theeffectof suctionontheboundarylayerarenotentirelyjustified.
Thelackof detailedboundary-layermeasurementsovertheentireairfoil
surfacewithsuctionpreventsa satisfactoryanswertothesequestions
atthepresenttime. Themeasurementsmadeoftheboundarylayerat
0.91chordforthebestconditionofthehand-honedmodel(fig.n(b))
indicatethatthechoiceof R~*= 2635 usedintheslot-designanalysis
maybe somewhathighintheregionof adversepressuregradient.Because
themeasuredprofilediffersin shapefrcmtheBlasiusprofile,comparison
ofthetwoprofilesbecomesmorevalidonthebasisof ~ ratherthan
R~ . Onthebasisof Ro,theBlasiusprofileof R~ = 2635 is seen
tohavea valueof ~ somewhatlowerthanthevalueof ~ ofthe
thickestmeasuredprofilecorrespondingtominimumsuctionforlsminar
flowover0.91chord.Theconditionof Re = 1034 ratherthan
R& = 2635 mayhavebeena bettercriterionforthemaximumallowable
boundary-layerReynoldsnumber.

In general,lsminsrflowcouldnotbemaintainedacrossindividual
slotsifthesuctionflowthroughthe
low. Therangeofflowratesthrough

slot-wasteithertoohighortoo
whichlaminarflowcouldbe
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maintainedwas,however,ratherwideas canbe seenfromthecomparison
infiguren(a) ofthedistributionsofminimumsuctionandmaximum
suctionfor0.91-chordlsminarflow.Theslotsinthefavorablegadient
weremuchmoresensitiveto flowratethanthoseintheadversegradient.
In subse~enttests,laminsrflowcouldbemaintainedover91percent
oftheuppersurfaceup toReynoldsnumbersofabout9.5x 106withno
suctionpressureappliedto thefirstfourslotsbutwitha suction
distributionontherestoftheslotssimilartotheminimumsuction
showninfigureU.(a).Theslotswereleftunsealedbuttheductswere
closed.

Dragresults.-Becauseupperandlowersurfacesdidnothavethe
sameextentoflsminsrflowat a givenReynoldsnumber,thewake-survey
methodof obtainingdragsdidnotindicatethedragcoefficientsthat
mighthavebeenexpectedifbothsurfaceshadoperatedwithequal
effectiveneas. Itwasnecessary,therefore,tousea lessdirect
approachinorderto obtainanindicationoftheprofiledragofan air-
foilhavingetiensivelaminarflowonbothsurfaces.Thewakedrags
showninfiguren(b) forthehand-honedmodelat R = 10x 106 were
calculatedinthefirstcaseontheassumptionsthattransitionoccurred

(
slightlyrearwardofthelastslot ~ – )x – 0.91 andthatthemomentumloss
associatedwiththemeasmedlsminarprofilewasequalto thatof a
turbulentprofile.Thedevelopmentof0.09chordofturbulentflowwas
calculatedaccordingtoreference15andconvertedto dragby themethod
ofreference16. Inthesecondcase,thewakedragswerecalculatedby
a similarprocedurebutwiththeassumptionthattheboundary-layer
developmentonthelast0.09chordwaslaminar.Inasmuchastheposition
oftransitioninthelast0.09chord-wasnotestablished,thetwocalcu-
lationsservetobracketthewakedragsthatmightbe expectedfortwo
surfaceshavingsimilarextentsoflaminsrflow.

Fortheminimumsuctioncaseoffigure11,thetotaldragcoefficient
(measureddragequivalentofthesuctionpowerpluscalculatedwakedrag)
for91-percetilaminarflowontwosurfacesat R = 10X106 was0.0023
andfor100-percentlaminarflowwas0.0018as comparedtoa dragcoeffi-
cientof0.00k2forthesolidsmoothairfoilatthesameReynoldsnumiber.
Forthemaximumsuctioncase,thetotaldragcoefficientswere0.0038
for91-percentlaminarflowand0.0034for100-percentlaminsrflow.
Theseresultsforthemaximumsuctioncaseindicatethenecessityfrom
a considerationoflowtotaldragofprovidingaslittlesuctionas
possibletomaintainextensivelaminsrflow.

Becausewakedragsmaybe of someinterestin spiteofthedifferences
inperformanceoftheupperandlowersurfaces,thevariousdragquantities
me presentedinfigures12to 15. Figure12 showsthatthetotaldrag
(wakedragplussuctiondrag)islessthanthatofthesmoothunslotted

_——. ——— — ——
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airfoilup to a Reynoldsnumberofabout8 x 106. Thesuctiondistri-
butions(fig.13),usedto obtainthesedragssrein generalsimilarto
thedistributionusedontheuppersurfaceforthelow-dragcondition
at R = 10x 106. Thegeneralpatterns,ofthevariationsof Cdw, C&9
and cdT with CQ areshowninfigure14 fora Reynoldsnumberof

7.4x 106. Spanwisewakesurveyssrepresentedinfigure15 fromwhich
someindicationmaybe hadofthedifficultyof obtaininguniformityof
slotperformancein spiteoftheseeminguniformityof slotshapeand
smoothness.

CONCLUDINGREMARKS ‘

An experimentalinvestigationof anNACA64AO1Oairfoilsection
equippedwith82boundary-layersuctionslots(41persurface)indicated
thatlsminarflowcouldbemaintainedover0.91chorduptoReynolds
numbersashighas10X 106. Thisresultwasobtainedononlyonesurface
ofthemodelwheretheslotradiiforwardandresrward,respectively,
wereapproximately1.0and0.5timestheslotwidth,0.005inch.The
dragcoefficientequivalentofthesuctionpowerrequiredto obtainthis
resultwasaslowas0.0~6 (fortheonesurface)whichwhenmultiplied
by 2 andcombinedwithan estimatedwakedragindicatedthata drag
coefficientof0.0024orlessmightbe obtainedforanairfoilhaving
twosidesthatoperatedwithequaleffectiveness,ascomparedto 0.0042
fortheplainsmoothairfoil.Itwasfoundthatthetotalsuction-flow
quantityandthesuctiondragrequiredto obtaintheresultsata Reynolds

numberof 10x 106wereofthesameorderasthevaluespredictedby
theanalysispresentedherein.

Perhapsthemostsignificantobservationoftheinvesti~tionwasthe
increasingdifficultyencounteredinobtainingfull-chordlaminarflow
athigherReynoldsnumbers.Thedegreeofthedifficultywasindicated
by theextremeamountof csrerequiredtoprovideslot-entrycontours
anda smoothnessof surfacethatwouldnotcausetransition.At the
higherReynoldsnumberstheroughnesswhichseemedtopreventlaminar
flowwasso smallthata soft-leadpencilusedasa honewasfoundto
be effectivein furtherreducingtheroughnessandadvancingtheReynolds
nmiberforextensivelsminsrflow.

LangleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

LangleyField,Vs.,November13,1951

.
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Figure3.-Calculatedvariationoftheslottotal-pressure-loss
correlationcoefficientwith the suctionstrasn-tubeparameter
8Btakenfiamreference~. Curveisusedinrelation:
m ~(P.26K - 1.26).
—=~+%~
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(b) Sketch of airfoil u~r surface.
(All diwnslona are in inches.)

Figure 7.-Continued.
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(c) Right-side view of airfoil with dummy ends removed
to Bhow total pressure-tube connections to suction-
alot chamber6.

Figure 7.- Comtinued.
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(d) kti-Bide view of airfoil wlih ‘dumy end sections
removed to ,ghowsuction-tube connections to slot
chamkrs.

Figure 7.-Concluded.
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Figure9.- Photomicrographsof severalslotsoneachs’imfaceofthe
I?ACA64AO1Oslottedairfoilthatshowexamplesofthehand-formed
slotradiiastheyexistedforthelow-dragcondition.Thedark
regionsrepresentthemodelprofileandthedarklinesarea
superimposedscale. .
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andtotaldragcoeffIcientsatReynoldsnumbersfrom6.25x 106to 9
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radii. Average CQ . 0.CHY09;a = OO; same suction control valve

settings as used to obtain data h fIgure 13. .?
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d8’cainfi.~es12,14,and15. CQ . 0.0W9;a E OO.
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Figure 14.- Suction, wake, and total drag coefficientsat auction
coefficients from O.oiI069to O.0017i for-the NACA @QOIO dotted
airfoil with hand-formed-
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Figure 15.- S_panwisevariationof sectionprofiledragcoefficientofthe
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